Background: Correlations between volume doubling time (VDT) of primary lung cancer (PLC), histology, and ground glass opacity (GGO) components remain unclear. The purpose of this study was to evaluate and compare VDT of PLC in terms of histology and presence or absence of GGO components. Methods: A total of 371 surgically resected PLCs from 2003 to 2015 in our institute were retrospectively reviewed. The VDT was calculated both from the diameters of the entire tumor and of consolidation by using the approximation formula of Schwartz. Results: The median VDTs of adenocarcinoma, squamous cell carcinoma, and others (large cell neuroendocrine carcinomas, small cell lung carcinomas, pulmonary pleomorphic carcinomas, and large cell carcinomas combined) were 261, 70, and 70 days, respectively; these differ significantly (P<0.001). All PLCs with GGO were adenocarcinomas. The VDT of adenocarcinomas with GGO was significantly longer than that of those without GGO (median VDT: 725 and 177 days, respectively), squamous cell carcinomas, and others. When the VDT calculated from the maximum diameter of consolidation component was compared, adenocarcinomas with GGO also showed significantly slower growth than those without GGO (median VDT: 248 versus 177 days, respectively, P=0.040). Conclusions: The VDT of PLCs is longest for adenocarcinomas. VDT was significantly longer in adenocarcinomas with GGO components than in those without such components, irrespective of VDT calculated on the basis of either the entire tumor diameter or consolidation diameter.
Introduction
The growth speed of primary lung cancer (PLC) reflects its malignant nature and is closely associated with prognosis (1) (2) (3) (4) (5) (6) . The time taken for a tumor to double in volume, volume doubling time (VDT), is a classical indicator of PLC proliferation and is also associated with histology and prognosis (2) (3) (4) (5) (6) (7) (8) . A short VDT means rapid growth of the tumor and represents its malignant potential. A VDT less than 400 days has been suggested as a cutoff value to distinguish a benign from a malignant lesion (8, 9) . VDT is one of the key parameters to distinguish aggressive tumors from indolent ones.
Solid components of PLCs on high resolution computed tomography (HRCT) images represent their invasive potential and are associated with rapid growth (5) (6) (7) (8) 10) . In contrast, ground glass opacity (GGO) components suggest a longer VDT and good outcome, such as in adenocarcinoma in situ and minimally invasive adenocarcinoma (10, 11) . It is considered that radiologically solid PLCs show rapid growth compared with GGO lesion, however, it is unclear if the growth speed of the solid component of part-solid nodules differs from that of pure solid nodules. Also, differences in VDT of radiologically solid PLCs according to histology have not yet been sufficiently explored. The main objective of this study was to compare difference in VDTs according to PLC histology, and the secondary objective was to compare difference in VDTs of PLCs with and without GGO components.
Methods

Patients
In this retrospective study, data of patients with PLC who had undergone surgical resection from 2003 through 2015 in our institute were investigated. Only patients who had undergone at least two preoperative CT scans at intervals of more than 21 days were included, leaving 371 eligible patients. All tumors were pathologically confirmed as PLCs. Histological classification was determined according to the fourth edition of the World Health Organization classification of lung tumors (12) . The tumor, node and metastases staging system of the seventh edition of the American Joint Committee for Cancer Staging System was used (13) . Clinical information, including age, sex, smoking history, tumor histology, pathological stage, tumor diameter, and VDT were collected from patient records for analysis. This study was approved in January 2017 by the Institutional Review Board for clinical trials of Gunma University (IRB approval number 1575). This study was conducted in accordance with the Declaration of Helsinki Principles.
CT examinations and measurement of lesions
All CT scans were performed on a 64-channel multidetector row computed tomography (SOMATOM Definition Flash; Siemens Healthcare, Berlin, Germany). CT scans were performed on each tumor at least twice before surgery. CT images were reconstructed with a window level of 500 to 700 HU and a window width of 1,000 to 2,000 HU as lung window settings. Thin-section CT images were obtained at 1.0-2.0 mm thicknesses using a high spatial frequency reconstruction algorithm. The maximum diameter of the entire tumor, which included both GGO and consolidation components, and the maximum diameter of the consolidation component alone were measured separately on an axial CT slice that showed the longest diameter. Diameter values were measured manually using a computer workstation. GGO was defined as an area of slight increase in CT density that did not obscure lung structures such as pulmonary vessels and bronchi. Consolidation was defined as an area of homogenous increase in CT density that obscured these lung structures (14) . A consolidation/tumor ratio (CTR) was calculated for each tumor by dividing the maximum diameter of consolidation by that of the entire tumor.
Tumor diameters were measured separately by two thoracic surgeons; in cases of discrepancies between measured sizes, the arithmetic mean of these diameters was used. VDTs were calculated both for the entire tumor diameter and the diameter of consolidation alone, using the approximation formula of Schwartz (15) (Figure S1 ).
Statistical analysis of correlations between VDT and clinicopathological factors
Statistically significant correlations were identified using χ 2 tests and t-tests for dichotomized factors. For factors with three or more groups, correlations were analyzed using oneway analysis of variance. Statistical analysis was performed using IBM SPSS Statistics software (version 24, Chicago, IL, USA). Probability values less than 0.05 were considered to indicate significant differences.
Results
There were 397 PLC patients who had undergone surgical resection during the described period, amongst which 371 had undergone the two preoperative CT scans. The clinicopathological characteristics of these 371 patients with PLCs are shown in Table 1 .
The clinicopathological characteristics of the 371 patients with PLCs are shown in Table 1 . There were 284 adenocarcinomas (76.5%), 59 squamous cell carcinomas (15.9%), 11 large cell neuroendocrine carcinomas (3.0%), 8 small cell lung carcinomas (2.2%), 5 large cell carcinomas (1.3%), and 4 pulmonary pleomorphic carcinomas (1.1%). All histologies other than adenocarcinoma and squamous cell carcinoma were grouped together and analyzed as others (n=28, 7.5%). The time between the initial CT and CT immediately before surgery ranged from 21 to 2,143 days (median, 57 days). The VDTs of the 371 tumors ranged from 19 to 9,150 days (median 189 days). Table 1 also shows patient characteristics according to tumor histology. Patients with AC were significantly younger (P=0.007), and included more women (P<0.001) and more non-smokers (P<0.001) than patients with squamous cell carcinoma and other histologies. On pathological examination, significantly more early stage disease (P<0.001) and less lymphatic/vascular invasion was observed in the adenocarcinoma group than in the other two histology groups. The initial tumor sizes on CT were mostly the same among the three histology groups; however, squamous cell carcinomas and others showed significantly greater increases in size on the CTs taken immediately preoperatively (P<0.001).
Typical CT scan images of adenocarcinoma with GGO, adenocarcinoma without GGO, Squamous cell carcinoma, and small cell lung cancer, and their tumor growth patterns are shown in Figure S2 . The median VDTs of adenocarcinoma, squamous cell carcinoma and others were 261, 70, and 70 days (large cell carcinoma, 110 days; large cell neuroendocrine carcinoma, 45 days; small cell lung cancer, 82 days; pulmonary pleomorphic carcinoma, 47 days), respectively, which differ significantly (Figure 1 ; P<0.001). Squamous cell carcinoma and other histologies showed similar growth speeds (median VDT: 70, 70 days, respectively, P=0.106), these speeds being higher than those of adenocarcinomas without GGO (Figures 1 and 2 ). All PLCs with GGO were adenocarcinomas. Adenocarcinomas with GGO showed significantly slower growth than adenocarcinomas without GGO ( Figure 3A ; median VDT: 725 versus 177 days, respectively, P<0.001). VDTs of solid components in adenocarcinomas with GGO were significantly longer than those of adenocarcinomas without GGO ( Figure 3B ; median VDT: 248 versus 177 days, P=0.040).
Discussion
The VDT of PLC was longest in adenocarcinomas, and VDT was significantly longer in adenocarcinomas with GGO component than those without GGO component, irrespective of VDT calculation based either on entire tumor diameter or on consolidation diameter. Previous studies have been reported that VDT is longer for adenocarcinomas than squamous cell carcinomas. Geddes used chest radiographs to review the VDTs of PLCs and reported that the mean VDT of 60 adenocarcinomas was 161 days whereas that of 111 squamous cell carcinomas was 88 days (1). Other studies have also shown that squamous cell carcinomas grow faster than adenocarcinomas (3, 16, 17) . Our results are consistent with these findings.
Because of the rarity of these tumors, VDT has been studied only in small cohorts of histological types other than adenocarcinoma and squamous cell carcinoma. Usuda et al. reported the mean VDT of seven small cell lung cancers was 81 days and that of 12 large cell carcinomas 79 days (3). In our study, the VDTs of other histological types (large cell carcinoma, large cell neuroendocrine carcinoma, small cell lung cancer and primary pleomorphic carcinoma) were shorter than for adenocarcinomas, but were similar to those for squamous cell carcinomas. Yang et al. reported that a longer interval between diagnosis of squamous cell carcinoma and surgery was associated with worse survival (18) . The survival difference is reportedly most prominent when the intervals between diagnosis and surgery were dichotomized at 80 days, which is 10 days longer than the VDT of squamous cell carcinoma and others in our study. VDT may indicate how soon surgical resection should be performed; the interval between diagnosis and surgery should likely be shorter than the VDT.
Many previous studies on VDTs of pure and part solid ground glass nodules have evaluated the entire tumor size, including the GGO component. However, in the current (eighth) edition of the TNM classification for lung cancer, the T factor has been revised to be determined only on the size of the solid component (19) . In this study, we therefore calculated VDT using both the maximum entire tumor diameter and that of the solid component J Thorac Dis 2018;10(9):5428-5434 jtd.amegroups.com diameter alone. To the best of our knowledge, this is the first study to investigate VDT using both the entire tumor size and that of the solid component size only. Both these methods showed the VDTs of adenocarcinomas with GGO components were significantly longer than those of adenocarcinomas without GGO. Given that the radiologic GGO component in adenocarcinoma correlates well with a pathological lepidic growth pattern and the prognosis of lepidic-predominant adenocarcinoma is well known to be favorable, it is unsurprising that adenocarcinomas with GGO components have longer VDTs. Correlations between radiologic and pathologic findings remain controversial. The Japan Clinical Oncology Group 0201 study concluded that the radiological definition of noninvasive lung adenocarcinoma AC would be CTR ≤0.25 in c-T1a and c-T1b tumors in the eighth edition of the TNM classification (11). Hattori et al. reported that the presence of a GGO component itself rather than its ratio is a predictor of favorable outcome and that neither the maximum tumor size nor solid component size has prognostic value (20) . In our study, we found that both calculations using entire tumor size and solid component size showed longer VDTs in adenocarcinomas with GGO than in those without GGO.
In the present study, VDTs of pure solid tumors varied depending on histological type. adenocarcinomas showed longer VDTs than squamous cell carcinomas and other tumors. Usuda et al. reported that the VDT of PLC was longer in women and nonsmokers and surmised that one possible explanation is that there are a greater proportion of adenocarcinomas in women and nonsmokers (3) . Difference in driver mutation may also explain differences in VDT between adenocarcinomas and other tumors. In a review of 102 NSCLCs, Nakamura et al. reported that PLCs with EGFR mutations have significantly longer VDTs (median: 676 days) than those without EGFR mutations (median VDT: 139 days) (21). Takamochi et al. reported that tumors with EGFR mutations have lower glucose metabolism than tumors with wild type EGFR or KRAS mutations, suggesting that the cell cycle may be downregulated in tumors with EGFR mutations (22) . A relatively high frequency of EGFR mutations in adenocarcinomas may be responsible for the difference in VDT between adenocarcinomas and other histological types.
Several limitations of our study should be mentioned. First, there may have been a selection bias because this is a retrospective single-institution study, enrolling only patients who had undergone surgical resection. Second, the median interval between initial CT and preoperative CT and median duration of follow-up were relatively short, which may have allowed measurement errors for slowgrowing tumors, especially GGO adenocarcinomas, because of their indolent nature. Third, volume measurements were derived from the results of manual segmentation and an approximation formula; thus, calculated volumes could have differed from the actual volumes. In summary, this is the first study to examine the VDTs of adenocarcinomas calculated both from the entire tumor size and solid component size. Both calculations resulted in significantly longer VDTs in adenocarcinomas with GGO components than in those without GGO components. In pure solid tumors, the VDTs of adenocarcinomas were significantly longer those of other histologic types. 
